INTRODUCTION {#s1}
============

Current views of human cancer etiology encompass a plethora of events, where both genetic alterations and epigenetic abnormalities play a role. Important epigenetic events include DNA methylation, histone modifications, microRNA synthesis, and nucleosome positioning \[[@R1], [@R2]\]. Dysregulation of the epigenetic machinery is one of the mechanisms by which many genes preventing abnormal activity, such as DNA repair genes, cell cycle control genes, and apoptosis-promoting genes, are turned off in tumors \[[@R2], [@R3]\]. This transcriptional silencing is induced notably by aberrant DNA hypermethylation in combination with other chromatin alterations, including decreased activating marks at lysine 4 (H3K4) or lysine 36 (H3K36) of histone H3 and increased repressive marks at lysine 9 (H3K9) or 27 (H3K27) of histone H3 \[[@R2], [@R3]\].

DNA methyltransferases (DNMTs), which mediate the establishment of DNA methylation patterns and ensure their faithful inheritance in somatic cells, have been identified as crucial players in cancer progression \[[@R4]--[@R7]\]. DNMT1 acts primarily as the maintenance DNA methyltransferase during replication, associating with S-phase replication foci \[[@R8]\]. The DNMT3 class enzymes DNMT3A and DNMT3B are mainly viewed as *de novo* DNMTs and are primarily active during embryonic development \[[@R9]\]. Overlapping functions of these enzymes have also been described \[[@R4], [@R10]\]. Perturbed DNA methylation patterns have been reported in various human cancers, including hepatomas and prostate, colorectal, and breast cancers \[[@R11]--[@R13]\]. Elucidating the mechanisms that tightly regulate DNMT functions, stability, and interactions with other proteins is crucial to understanding carcinogenesis.

The N-terminal tails of histones undergo a wide range of modifications, including acetylation, phosphorylation, and methylation. The influence of chromatin structure depends on the type and location of these modifications. In recent years it has become quite clear that DNA methylation and histone modifications are closely interrelated in transcriptional regulation. For example, DNA hypermethylation and histone deacetylation are often associated with silencing of tumor-suppressor genes \[[@R14]\]. The synergistic effects of DNMT and HDAC inhibitors used to reactivate silenced genes lead to clinically measurable responses in patients suffering from acute myeloid leukemia \[[@R15], [@R16]\] or lung cancer \[[@R17]\].

Close links between DNA methylation and histone methylation have also been evidenced, in the form of interactions between DNMTs and several histone methyltransferases such as Suv39h1/2 and G9a \[[@R18], [@R19]\]. Through their association with HP1 (Heterochromatin Protein 1), DNMTs are directed to methylated histone H3. DNMTs have also been linked to enzymes capable of removing methyl groups from histones. The first identified histone demethylase, KDM1A, is a lysine-specific demethylase (also known as LSD1, KIAA061, and AOF2) shown to be required for global DNA methylation in ES cells \[[@R20]\]. From histone H3, this enzyme can remove both activating marks (on H3K4) and repressive marks (on H3K9) \[[@R21]\]. KDM1A has been found in various transcription complexes involved in repression, such as CoREST-containing complexes and NuRD \[[@R22], [@R23]\], or in activation, in complexes where it associates with nuclear androgen or estrogen receptors \[[@R24], [@R25]\].

A link between KDM1A and DNMTs has been found in embryonic stem cells \[[@R20]\], where KDM1A depletion leads to a gradual decrease in DNA methylation. DNMT1 is known to be methylated by the Set7/9 lysine methyltransferase and demethylated by KDM1A. Set7/9-mediated methylation of DNMT1 leads to its degradation, while direct demethylation by KDM1A increases DNMT1 stability \[[@R20]\].

Many cancer cells are reported to have significantly increased *KDM1A* expression levels \[[@R26]--[@R28]\]. In the present study, we have explored for the first time the interplay between KDM1A and DNMTs in cancer cells. We provide evidence that in cancer cells, KDM1A interacts with both DNMT1 and DNMT3B. We find that KDM1A depletion increases the level of dimethylated H3K4 (H3K4Me2) but does not affect the DNA methylation pattern, in contrast to observations on ES cells \[[@R20]\]. We further demonstrate that the KDM1A-DNMT1 interaction is primarily observed during the S-phase, at replication foci. Together, these results demonstrate crosstalk between the lysine demethylase KDM1A and the DNA methyltransferase DNMT1, which could be involved in carcinogenesis independently of its role in DNA methylation.

RESULTS {#s2}
=======

KDM1A interacts with DNMT1 and DNMT3B *in vitro* and also *in vivo* in cancer cells {#s2_1}
-----------------------------------------------------------------------------------

To investigate crosstalk between KDM1A and DNMT in cancer cells, we took advantage of previous observations on mouse ES cells, where DNMT1 has been shown to associate with KDM1A \[[@R20]\]. First, to assess whether KDM1A and DNMT1 associate *in vitro*, we performed a pull-down assay using GST-KDM1A (produced in bacteria) and radiolabeled DNMT1 obtained by *in vitro* translation (Figure [1A](#F1){ref-type="fig"}, middle panel). In a similar assay, we used DNMT3B instead of DNMT1 (Figure [1A](#F1){ref-type="fig"}, bottom panel). In these experiments, KDM1A was found to associate with both DNMT1 and DNMT3B. These interactions appeared specific, as none was observed between DNMT1 or DNMT3B and the GST protein alone (Figure [1A](#F1){ref-type="fig"}, lanes 2) or between KDM1A and an unrelated protein ([Supplementary Figure S1](#SD1){ref-type="supplementary-material"}). Because KDM1A is known to interact with other proteins through several functional domains, we examined which domain might be involved in DNMT binding. The regions present in the different constructs tested are illustrated in the top panel of Figure [1A](#F1){ref-type="fig"}. Mapping experiments revealed that the KDM1A SWIRM and amine oxidase domains are required for the interaction with DNMTA or DNMT3B (Figure [1A](#F1){ref-type="fig"}, lanes 3, 4, 6, and 7). The first 136 N-terminal amino acids of KDM1A, in contrast, proved unnecessary for binding. (Figure [1A](#F1){ref-type="fig"}, lanes 5). These results are consistent with the solved KDM1A crystal structure, which shows that the N-terminal residues are unstructured and contain nuclear localization signals, while the SWIRM and oxidase domains are intimately bound through an extensive hydrophobic interface \[[@R29]\].

![Interaction of KDM1A with DNMT1 and DNMT3B *in vitro* and in cancer cells\
(**A**) KDM1A interacts with DNMT1 and DNMT3B *in vitro*. Upper panel: Schematic representation of the KDM1A protein, with its known domains highlighted. Also shown are the different sequences that were fused to GST and tested for binding to DNMT1 or DNMT3B. The results are summarized on the right (from "++" \[strong interaction\] to "--" \[no interaction\]). Middle and lower panels: The indicated GST fusions were tested in GST pull-down experiments using IVT full-length DNMT1 (IVT-DNMT1) (middle panel) or DNMT3B (IVT-DNMT3B) (lower panel) (lanes 3 to 7). Lane 2 shows the results of the control pull-down with GST protein alone. Lane 1 shows 10% of the radiolabeled IVT-DNMT1 or IVT-DNMT3B engaged in the pull-down experiment. A vertical line indicates juxtaposition of non-adjacent lanes of the same blot (the exposure time was the same). (**B**) Western blots showing that DNMT1 and DNMT3B co-immunoprecipitate with KDM1A from HCT116 whole-cell extracts (lanes 3). Anti-rabbit IgG was used in the negative control (lanes 2). Input stands for non-immunoprecipitated HCT116 extract (10% of the volume subjected to immunoprecipitation) (lanes 1). The western blot at the bottom shows the efficiency of KDM1A immunoprecipitation by the anti-KDM1A antibody. The vertical line indicates juxtaposition of non-adjacent lanes of the same blot (exposure time was the same).](oncotarget-07-58939-g001){#F1}

By endogenous co-immunoprecipitation, we found KDM1A to bind DNMT1 and DNMT3B in two different cancer cell lines: when we immunoprecipitated endogenous KDM1A from whole-cell extracts of the colon cancer cell line HCT116, we detected DNMT1 and DNMT3B by western blotting (Figure [1B](#F1){ref-type="fig"}). The negative control (use of anti-rabbit IgG instead of the anti-KDM1A antibody), only a background signal was observed (Figure [1B](#F1){ref-type="fig"}: lane 2). Interaction between the KDM1A and DNMT proteins was also shown in HeLa cervical carcinoma cells ([Supplementary Figure S2A](#SD1){ref-type="supplementary-material"}). Experiments where DNMT1 or DNMT3B was immunoprecipitated and KDM1A revealed by western blotting were also performed. They confirmed that KDM1A associates with both DNMTs ([Supplementary Figure S2B](#SD1){ref-type="supplementary-material"})

Previous studies on mouse ES cells have revealed an interaction between KDM1A and DNMT1 only. This suggests that KDM1A may associate with different DNMTs according to the cell context.

In cancer cells, KDM1A knockdown does not affect levels of DNMT1 or DNMT3B transcripts or of the corresponding proteins {#s2_2}
-----------------------------------------------------------------------------------------------------------------------

We next examined whether KDM1A knockdown might affect levels of DNMT1 and/or DNMT3B transcripts in cancer cells. For this, we used HCT116 cells and SK-N-BE neuroblastoma cells, as *KDM1A* is known to be highly expressed in neuroblastomas \[[@R28], [@R30]\]. RT-qPCR revealed an 80% reduced KDM1A mRNA level in KDM1A-knockdown cells, but the levels of DNMT1 and DNMT3B transcripts were unaffected (Figure [2A](#F2){ref-type="fig"}). We next investigated whether a decrease in KDM1A might affect DNMT protein levels, as observed in ES cells for DNMT1 \[[@R20]\]. Western blots revealed no change in the level of DNMT1 or DNMT3B protein in KDM1A-knockdown cells (Figure [2B](#F2){ref-type="fig"} and [Supplementary Figure S3](#SD1){ref-type="supplementary-material"}). Interestingly and in contrast to observations made in ES cells by Wang *et al.* KDM1A knockdown was found to significantly increase the level of H3K4me2 as shown in Figure [2B](#F2){ref-type="fig"} suggesting that the KDM1A\'s role is dependant of the cell context. In ES cells the effect of KDM1A on DNMT1 levels is mediated by demethylation of K142 of DNMT1 and affect DNMT1 stability \[[@R20], [@R31]\]. To explore if DNMT1 is methylated at this lysine residue in cancer cell lines, we realised western blot with an antibody against DNMT1 K142me. As shown in [Supplementary Figure S3](#SD1){ref-type="supplementary-material"}, DNMT1 is methylated at K142 in cancer cells. Contrary to published data reported in ES cells, DNMT1 methylation and stability is not influenced by the decreased of KDM1A in cancer cells. This results suggest that DNMT1 could be demethylated by another enzyme in cancer cells. In summary, the effect of KDM1A knockdown in the tested cancer cell lines differs from that observed in ES cells in that it does not alter either the levels of these DNMTs, those of the corresponding mRNAs or DNMT methylation.

![In cancer cells, KDM1A knockdown does not affect levels of DNMT1 or DNMT3B transcripts or of the corresponding proteins\
(**A**) Quantitative RT-PCR analysis of *KDM1A*, *DNMT1*, and *DNMT3B* expression after RNAi-mediated knockdown of KDM1A in HCT116 and SK-N-BE cells. All transcript levels were normalized to the level observed with the RNAi control. (**B**) KDM1A knockdown in HCT116 and SK-N-BE cells does not affect DNMT protein levels but leads to an increased level of H3K9me2. Western blot analysis performed against KDM1A, DNMTs, and H3K9me2 in both HCT116 and SK-N-BE KDM1A-knockdown cells. Actin and H3 were used as loading controls.](oncotarget-07-58939-g002){#F2}

In cancer cells, the DNA methylation level is unaffected by KDM1A depletion {#s2_3}
---------------------------------------------------------------------------

We then investigated the impact of KDM1A depletion on the DNA methylation level in cancer cells. In ES cells, KDM1A deficiency causes a global decrease in DNA methylation, in both imprinted genes and major satellite repeats \[[@R20]\]. In normal cells, repetitive sequences usually show a high level of methylation, whereas cancer cells generally exhibit global DNA hypomethylation, primarily in repetitive sequences. This hypomethylation has been linked to genome instability and chromosomal aberrations \[[@R3], [@R32]\]. To test whether KDM1A-deficient cancer cells show decreased methylation of repetitive sequences, we used pyrosequencing to quantify the methylation of interspersed (LINE1) and tandem repeats (D4Z4, NBL2). DNA methylation analysis of LINE1 repeats, representing ∼20% of the human genome, provides an accurate estimate of global DNA methylation changes \[[@R33]\]. LINE1 hypomethylation has been observed in several types of cancer \[[@R34], [@R35]\].

As shown in Figure [3A](#F3){ref-type="fig"}, LINE1 repeats appeared highly methylated, as expected, in cells treated with a control RNAi (gray bars) (Figure [3A](#F3){ref-type="fig"}, left part). KDM1A-depleted cells (RNAi KDM1A, black bars) showed no significant difference in LINE1 DNA methylation as compared to cells treated with the control RNAi. Likewise, KDM1A appeared not to influence the methylation level of the subtelomeric repeats D4Z4 and NBL2 (Figure [3A](#F3){ref-type="fig"}, middle and right panels), whose methylation is frequently dysregulated in cancer \[[@R36]\].

![KDM1A does not affect the DNA methylation level in cancer cells\
(**A**) KDM1A depletion by means of RNA interference is not associated with global DNA demethylation in SK-N-BE cells. Pyrosequencing analysis of interspersed repeats, LINE repeats, and of the tandem repeats NBL2 and D4Z4 shows no difference in DNA methylation level in KDM1A-knockdown versus control cells. (**B**) Promoter methylation analysis performed by means of the Infinium Methylation Assay in SK-NB-E cells treated with RNAi ctrl (grey bar) or RNAi KDM1A (black bar). Left part, histogram comparing the total DNA methylation profiles of SK-N-BE cells treated with a KDM1A-targeting (grey bar) versus a control RNAi (black bar). Right part, methylation average of six known KDM1A target in SK-NB-E cells treated with RNAi ctrl (grey bar) or RNAi KDM1A (black bar).](oncotarget-07-58939-g003){#F3}

To analyze DNA methylation more broadly, the Infinium Methylation Assay was used to interrogate the methylation status of 14,475 consensus coding sequences, notably in well-known cancer genes \[[@R37]\]. This analysis again revealed no difference in total promoter DNA methylation between KDM1A-knockown cells and cells treated with the control RNAi (Figure [3B](#F3){ref-type="fig"}, left panel and [Supplementary Figure S4](#SD1){ref-type="supplementary-material"}).

We then examined the methylation levels of several known KDM1A target genes: SCN2A, CDH1, CHRM4, TNS1, SFRP4, and TGFB1 \[[@R22], [@R28], [@R38]--[@R40]\]. Once again, no major methylation change was observed at any of these target sequences (Figure [3B](#F3){ref-type="fig"}, right panel).

Our results thus indicate that KDM1A acts differently in cancer cells than in ES cells. In the former, in contrast to the latter, this protein does not seem required to maintain DNA methylation levels.

KDM1A co-localizes with DNMT1 during cell cycle progression {#s2_4}
-----------------------------------------------------------

DNMT1 has recently been reported to form complexes with different partners according to the cell cycle stage \[[@R41]\]. During the S-phase it interacts, mainly at replication forks, with PCNA (Proliferating Cell Nuclear Antigen) and UHRF1 (also known as Np95 and ICBP90), a factor crucial to DNMT1 anchorage to replicating heterochromatin regions. During other cell cycle phases, DNMT1 can target specific genomic regions by binding transcription factors. Schneider *et al.* demonstrate that the dynamics of DNMT1 binding to chromatin is finely regulated during the S-phase. In early S-phase, DNMT1 interacts directly at replication sites, while in late S-phase it interacts predominantly in pericentromeric regions \[[@R42]\]. During cell division, the genome has to be accurately duplicated within the confines of the S-phase, and distinct DNA replication structures are associated with progression through the S-phase of the cell cycle \[[@R43]\]. Notably, the distribution of DNMT1 has been shown to change from diffuse in the G1 phase to a more complex pattern consisting of small, punctate structures in the early S-phase and to ring structures during the middle-to-late S-phase \[[@R8], [@R44], [@R45]\] (Figure [4A](#F4){ref-type="fig"}). While euchromatin regions are transcriptionally active and typically replicated in the early S-phase, when DNMT1 is observed as dispersed dots, heterochromatin regions, where transcription is repressed, are replicated primarily during the late S-phase, when DNMT1 is visible as ring structures (Figure [4A](#F4){ref-type="fig"}). The significance of DNMT1-containing structures associated with replication sites in each phase of the cell cycle is just emerging. These structures are likely indicative of coupling and cooperation between proteins involved in DNA replication \[[@R41], [@R46]\].

![KDM1A co-localizes with DNMT1 during cell cycle progression\
(**A**) Schematic representation of DNMT1 distribution pattern changes in the course of the cell cycle. In G1 phase a diffuse pattern is observed. In early S-phase, DNMT1 is detected in small, punctate structures (dots), and in late S-phase, ring structures appear \[[@R44]\]. (**B** and **C**) Localization of DNMT1 and KDM1A during the cell cycle. NIH3T3 cells were cotransfected with plasmids expressing myc-DNMT1 and HA-KDM1A. Immunofluorescence staining with antibodies against Myc (red) and KDM1A (green) revealed the respective distributions of these proteins during G1, early S-phase (B), and late S-phase (C). Cell DNA was visualized by DAPI staining.](oncotarget-07-58939-g004){#F4}

We first confirmed the identity of the specialized S-phase DNMT1-containing structures observed at replication foci during cell cycle progression. To this end, we used NIH3T3 cells, in which the nuclear localization of DNMTs has been clearly established \[[@R45], [@R47], [@R48]\]. To determine the nuclear localization of DNMT1 and PCNA in these cells, we performed immunofluorescence staining for endogenous PCNA on cells transfected with a vector expressing GFP-tagged DNMT1. Consistently with earlier observations \[[@R42], [@R49]\], DNMT1 and PCNA were found to colocalize at replication foci. The characteristic structural changes observed were considered to assign sub-stages cell cycle phases ([Supplementary Figure S5](#SD1){ref-type="supplementary-material"}).

We then examined whether KDM1A might associate with specialized DNMT1-containing S-phase structures during replication. HA-KDM1A and Myc-tagged DNMT1 were co-expressed in non-synchronized NIH3T3 cells to determine their nuclear distribution. As shown in Figure [4B](#F4){ref-type="fig"} and [4C](#F4){ref-type="fig"}, two populations of co-transfected cells were observed: cells in G1 phase, as indicated by a diffuse nucleoplasmic distribution of both DNMT1 (red), with KDM1A (green) showing a similar distribution, and cells progressing through the S-phase, as demonstrated by the characteristic nuclear DNMT1 distribution patterns. At S-phase onset, Myc-DNMT1 was found to localize to small punctate structures broadly distributed throughout the nuclei (Figure [4B](#F4){ref-type="fig"}), while as the cells progressed further through the S-phase, Myc-DNMT1 showed a distinct partial or large ring structure at DAPI-dense dots indicative of late S-phase, when heterochromatin replication occurs (Figure [4C](#F4){ref-type="fig"}). Strikingly, HA-KDM1A exhibited the same sequence of distribution patterns associated with progression through the S-phase. When the two staining patterns were merged, a partial overlap between KDM1A and DNMT1 was observed (orange) at structures called heterochromatin chromocenters (Figure [4C](#F4){ref-type="fig"}). This evidence suggesting that KDM1A co-localizes with DNMT1 at sites of active DNA synthesis in S-phase nuclei prompted us to further investigate whether KDM1A and DNMT1 interact directly, and at which phases of the cell cycle. The DNMT1-KDM1A colocalisation is partial as also observed in the [Supplementary Figure S6A](#SD1){ref-type="supplementary-material"}. Probably, only a significant part, of the cellular pool of KDM1A and DNMT1 are involved in this interaction. A portion of cellular DNMT1 binds KDM1A and the remaining is part of other complex as for instance with SP1. These two partners have then common but also independent implications.

In cancer cells, directly interacting DNMT1 and KDM1A accumulate in the S-phase {#s2_5}
-------------------------------------------------------------------------------

KDM1A has been implicated in several cancer types, particularly neural tumors \[[@R28], [@R30], [@R50]\]. Having observed that DNMT1 and KDM1A co-localize at replication foci in NIH3T3 cells, we wondered whether they interact directly in cancer cells. To answer this question, we used serum starvation, thymidine treatment, or nocodazole (or taxol) treatment to synchronize U251 glioma cells in G1, S, or G2/M, respectively. As expected, cell cycle phase analysis showed most (up to 94.7%) of the serum-deprived cells to be blocked in GO/G1 and a majority of thymidine-treated cells (60%) to be blocked in S-phase. Nocodazole treatment stopped up to 80% of the treated cells in phase G2/M, while taxol treatment caused 82% of the cells to be blocked in mitosis (Figure [5A](#F5){ref-type="fig"}). Endogenous levels of the DNMT1 and KDM1A proteins remained constant throughout the cell cycle, as indicated by western blot analysis (Figure [5B](#F5){ref-type="fig"}).

![In cancer cells, interacting DNMT1 and KDM1A accumulate in the S-phase\
(**A**) Cell cycle phase analysis of synchronized glioma U251 cells. To obtain cells blocked in GO/G1 these cells were respectively serum-deprived for 74 h. Enrichment in S-phase-blocked cells was done by exposure to thymidine (2 mM, 24 h). Treatment with nocodazole (100 ng/mL, 24 h), or taxol (150 ng/mL, 24 h) yielded cells blocked in G2/M. Cell cycle analyses were done with a NucleoCounter NC-3000. Results of a representative experiment are shown (**B**) Endogenous protein levels in synchronized U251 cells. Western blot detection of actin (MAB1501R, Milipore), DNMT1 (sc10221,Tebu-Bio), and KDM1A (sc67672, Tebu-Bio) after cell synchonization. (**C**) ApoTome view of DNMT1-KDM1A interactions in U251 cells during the different phases, as visualized by P-LISA (Olink, Bioscience). DNMT1/KDM1A interactions, detected with antibodies against DNMT1 (sc10221, Tebu-Bio) and KDM1A (sc67672, Tebu-Bio), appear as red dots. Nuclear DNA is stained in blue with DAPI (ProLong^®^ Gold antifade reagent with DAPI, Invitrogen). (**D**) Graph (means ± SD) illustrating the number of DNMT1-KDM1A interactions per nucleus in U251 cells during the different phases of the cell cycle. The number of DNMT1/PCNA interactions is calculated from the analysis of at least 50 nuclei in three independent experiments.](oncotarget-07-58939-g005){#F5}

Using these synchronized cells as tools, we then tackled the question of whether DNMT1 and KDM1A interact directly during cell division. For this we used the Proximity Ligation *In Situ* Assay (P-LISA) and ApoTome technology (Figure [5C](#F5){ref-type="fig"} and [5D](#F5){ref-type="fig"}). P-LISA is a technique allowing highly specific and sensitive direct identification of protein interactions \[[@R41]\]. In brief, two primary antibodies from different species recognize the two proteins suspected of interacting. Two species-specific secondary antibodies, each with a unique short DNA strand (PLA probe) attached to it, bind to the primary antibodies. When the PLA probes are in close proximity, they can interact. After amplification by a polymerase, amplicons are detected by means of fluorochrome-coupled DNA probes ([Supplementary Figure S7](#SD1){ref-type="supplementary-material"}). Visualization with ApoTome technology increases the resolution of captured pictures. This approach enabled us to demonstrate direct interaction between DNMT1 and KDM1A in the nucleus (red dots) during the S-phase (Figure [5C](#F5){ref-type="fig"}). Overlap with standard DNMT1 immunofluorescence confirm that P-LISA spots are where DNMT1 is localised. Significantly fewer spots indicative of this interaction were observed in cell phases other than S: only about half as many in G0/G1 (*p* = 0.004) and about a tenth as many in G2/M and M (*p* = 0.004 and *p* = 0,004 respectively) (Figure [5D](#F5){ref-type="fig"}). Specificity of the KDM1A-DNMT1 interaction was checked by experiments performed with only one antibody ([Supplementary Figure S6B](#SD1){ref-type="supplementary-material"}) and P-LISA experiments in cells in which DNMT1 is down-regulated by RNAi ([Supplementary Figure S6C](#SD1){ref-type="supplementary-material"}). Taken together, our results indicate that KDM1A associates specifically and directly with DNMT1 in a cell-cycle-dependent manner.

DISCUSSION {#s3}
==========

In the context of chromatin, DNA methylation does not function in isolation. It has become clear that there is a complex interplay between DNA methylation and histone modifications, including acetylation, methylation, and ubiquitination of N-terminal histone tails. In particular, lysine methylation machineries are interconnected and rely mechanistically on DNA methylation to promote normal chromatin function \[[@R51]\]. For example, DNMTs interact with several histone methyltransferases, such as G9a and Suv39h1/2 \[[@R18], [@R52], [@R53]\]. Furthermore, DNMTs are recruited to H3K9-methylated heterochromatin through direct interaction with HP1 (Heterochromatin Protein 1), which binds H3K9Me3, and the enzymatic activity of Suv39h1/2 is required to establish DNA methylation in pericentric heterochromatin \[[@R19], [@R52]\]. DNA methyltransferases also interact with KDM1A, as demonstrated in ES cells \[[@R20]\]. KDM1A-deprived ES cells display significantly reduced DNA methylation \[[@R20]\], and KDM1A increases DNMT1 stability \[[@R20]\]. Several connexions between DNA methylation and histone modifications have been described in cancer, but the link between KDM1A and DNMTs in cancer cells has not been explored.

Aberrant DNA methylation is a well-characterized epigenetic hallmark of several cancers \[[@R1], [@R54]--[@R56]\]. Dysregulated expression of *DNMT* genes has been reported for various human tumors \[[@R57]\]. Oncogenic properties of KDM1A have been described in numerous cancers, including prostate cancer \[[@R58]\], lung cancer \[[@R59]\], to neuroblastoma \[[@R28]\]. Furthermore, KDM1A inhibition reduces tumor growth, while its overexpression can contribute to human carcinogenesis \[[@R27]\]. In this work, we present evidence that KDM1A interacts with DNMTs in cancer cells.

In mouse ES cells, KDM1A is required for DNA methylation \[[@R20]\]. We show here that in cancer cells, this is not the case. Furthermore, we have observed no decrease in DNMT1 protein in KDM1A-knockdown cancer cells, suggesting that KDM1A might not affect the stability of the DNMT1 protein in the context of cancer. Our results show that KDM1A knockdown in cancer cells increases global H3K4 dimethylation, while in KDM1A-knockout ES cells, no change in H3K4 dimethylation was seen. Additionally, we have observed no changes in DNA methylation in repetitive sequences or gene promoters in KDM1A-knockdown versus control cells (Figure [3](#F3){ref-type="fig"} and [Supplementary Figure S4](#SD1){ref-type="supplementary-material"}). The observed epigenetic differences between cancer cells and ES cells might not be so surprising. ES and cancer cells are distinct cell types, even though they share common features \[[@R60], [@R61]\]. Notably, their DNA methylation signatures are different. The regulation of imprinted genes by epigenetic mechanisms is also different in ES and cancer cells \[[@R62]\]. In addition, H3K4 methylation, an activation mark, is strongly diminished in adult cancer cells, whereas ES cells show both H3K4 and H3K27 methylation \[[@R61]\]. The modalities of the interplay between KDM1A and DNMTs thus probably depend on cell features.

Our data fit with the notion that DNMTs act as recruitment platforms for other regulatory machineries, and that some of their functions do not require their catalytic activity \[[@R63]--[@R65]\]. DNMTs could mediate transcriptional repression in a DNA-methylation-independent way in stress responses \[[@R66]\] or cancer \[[@R67]\]. In line with this view, an inhibitor of DNMT, 5-aza-2′-deoxycitidine, has been shown to increase expression of target genes without affecting their methylation \[[@R68]\].

The connection between DNMT1 and KDM1A could be of clinical value, for instance in cancer therapy. DNMT and KDM1A inhibitors are well characterized and already used in clinical research \[[@R69]--[@R71]\]. Treatments combining DNMT inhibitors with other drugs acting on epigenetic machineries, such as histone deacetylase inhibitors, have already shown therapeutic advantages \[[@R15]\]. In the future, it should be interesting to test whether combining DNMT inhibitors with KDM1A inhibitors can be beneficial to patients in cancer treatment.

Our immunofluorescence results imply that active histone demethylation is closely associated with DNMTs during the establishment and maintenance of epigenetic states. We have demonstrated co-localization of KDM1A with DNMT1 in all the established patterns typical of the S-phase, highlighting the presence of both proteins at replication sites from early to late S-phase, as replication occurs first in euchromatin and then in heterochromatin. Remarkably, our P-LISA experiments demonstrate direct interaction between DNMT1 and KDM1A (Figure [5C](#F5){ref-type="fig"}), particularly during the S-phase, when chromatin remodeling, DNA methylation, centromeric heterochromatin formation, and chromatin assembly occur \[[@R72]\].

The fact that both DNMT1 and KDM1A have been found, independently, to promote cell cycle progression, including through a replication barrier \[[@R73], [@R74]\], suggests that crosstalk between histone demethylation and DNA methylation could be essential in enabling cancer cells to overcome cell cycle checkpoints. In S-phase, the DNMT1/PCNA/UHRF1 complex is recruited to DNA \[[@R41]\]. Fine analysis of DNMT1 binding to DNA has revealed specific interactions at replication sites in early S-phase, followed by stronger binding to pericentromeric heterochromatin in late S-phase \[[@R42]\]. In a fission yeast, KDM1A has been shown to control replication fork pauses and imprinting \[[@R73]\]. There is emerging evidence of active loss of histone lysine 4 methylation (H3K4me) during heterochromatin formation. Studies on *Saccharomyces cerevisiae* \[[@R72]\] have shown that under specific stimuli, removal of the stable chromatin mark H3K4me3 through active histone demethylation occurs during the S-phase. Furthermore, this rapid erasure is dynamically regulated at early- and late-replicating genomic loci during heterochromatin assembly. Deletion of another histone demethylase, Jhd2/KDM5, results in dramatically reduced H3K4me3 erasure at most loci \[[@R75]\]. It is therefore reasonable to suggest that KDM1A might act as an extra regulatory layer in the control of chromatin formation and replication. DNMT1, known to recruit the corepressor DMAP1 \[[@R44]\], could be necessary to recruit KDM1A to replication foci in the S-phase. This would mean that H3K4 demethylase activity participates in the global epigenetic modification process taking place at this stage of the cell cycle. Future functional studies are needed to shed more light on the exact role of the KDM1A-DNMT1 interaction during cell cycle progression and on its impact on cancer development. How catalytic activities of KDM1A and DNMT1 and their interaction are regulated during cell cycle? Other actors are involved? Our work could lead to a better understanding of epigenetic cell cycle control in carcinogenesis.

MATERIALS AND METHODS {#s4}
=====================

GST fusion, *in vitro* translation, and pull-down assays {#s4_1}
--------------------------------------------------------

Recombinant proteins were produced in and purified from *E. coli* as described \[[@R76]\]. The TNT system (Promega) was used to carry out *in vitro* transcription/translation. DNMT1 and DNMT3B were *in vitro* translated, respectively, from the pcDNA3-GAL4-DNMT1 or pcDNA3-GAL4-DNMT3B plasmid. Recombinant proteins were expressed in and purified from *E. coli* BL21 as described \[[@R76]\]. We used the TNT system (Promega) to carry out *in vitro* transcription/translation. GST pull-down experiments were performed as previously described \[[@R76]\]. Briefly, equivalent amount of GST proteins are incubated with ^35^S-IVTproteins in 200 μl of Z\' buffer (25 mM HEPES pH 7.5, 300 mM KCl, 12.5 mM MgCl~2~, 20% glycerol, 0.1% Igepal) added of 1 μL DTT 200 mM and 6 μl BSA (5 mg/ml) during one hour at room temperature. Complexes are washed five times with 1 ml of NETN buffer (20 mM Tris pH8, 100 mM NaCl, 1 mM EDTA, 0.5% Igepal) and loaded on a polyacrylamide gel as well as 10% of the ^35^S-IVT proteins (input).

Cell culture, drug treatment, and RNAi-mediated knockdown {#s4_2}
---------------------------------------------------------

HeLa, SK-N-BE, and 293 GP cells were maintained in DMEM (Sigma) supplemented with 10% fetal calf serum (Invitrogen). HCT116 cells were grown in McCoy medium supplemented with 10% fetal calf serum. U251 cells were cultured in EMEM with added glutamine (2 mM), non-essential amino acids (1%), sodium pyruvate (1 mM), and fetal calf serum (10%). For cell synchronization, cells were subjected to different treatments: serum deprivation for 72 h to obtain cells in the G0/G1 phase, thymidine treatment (2 mM for 24 h) to increase the number of cells in the S-phase, or treatment for 24 h with Nocodazole (100 ng/ml) or Taxol (150 ng/ml) to block cells in G2/M. Cell cycle phase analyses were performed with a cell counter. RNAi KDM1A plasmid construct production, retroviral particle production in 293T GP cells, and infections were carried out as previously described \[[@R77]\]. Briefly, 293 GP cells were transfected with pRS retroviral vectors and supernatants were collected and used to infect target cells. ES cells were kindly provided by Dr. Li, Dr. Chen and Dr. Hardikar and were maintained as previously described \[[@R20]\].

Immunoprecipations and Western blot analyses {#s4_3}
--------------------------------------------

Whole-cell extracts were prepared using 300 μl IPH lysis buffer (50 mM Tris-HCl pH 8, 150 mM NaCl, 5 mM EDTA, 0.5% NP40 added of antiproteases tablettes (Roche) during 1 hour and centrifuged at 10 000 g for 5 min. All procedures were performed at 4°C. Standard procedures were used for immunoprecipitations and western blotting. Briefly, 2 μG of antibody were added to cellular extract and incubated at 4°C on wheel overnight. Then, 40 μl of A and G sepharose beads were added and samples were incubated for two additional hours. Samples were the washed five time with IPH buffer and loaded on SDS polyacrylamide gel.

Anti-KDM1A (ab17721,Abcam), anti-DNMT1 (ab19905, Abcam), anti- DNMT1 K142me (kindly provided by Shirahsa Pradhan), anti-DNMT3B (ab2851, Abcam), anti-actin (A5316, Sigma), anti-H3K4me2 (07--030, Millipore), anti-H3 (ab1791, Abcam), and anti-rabbit IgG (sc2027; Santa Cruz), were used in immunoprecipitation assays and western blot analyses.

RNA purification and RT-PCR analysis {#s4_4}
------------------------------------

Extraction of mRNA was done with the Qiagen RNeasy Mini Kit according to the manufacturer\'s instructions. DNase treatment was performed with a DNA-free DNase kit (Ambion) according to the manufacturer\'s instructions. mRNA was reverse transcribed and PCR was performed on the obtained cDNA as described previously \[[@R76]\]. Results are normalized with respect to endogenous control and are the mean of three independent experiments. Primer sequences are available upon request.

DNA extraction and bisulfite pyrosequencing {#s4_5}
-------------------------------------------

Genomic DNA was extracted with the QIAamp DNA Mini Kit (Qiagen). The recommended proteinase K and RNase A digestions were included. Genomic DNA (1 μg) was then bisulfite-converted with the EpiTect Bisulfite Kit (Qiagen). Approximately half of the converted DNA was used as template in each subsequent PCR. Primers for PCR amplification and sequencing were designed with the PyroMark^®^ Assay Design 2.0 software (Qiagen). PCRs were performed with the HotStarTaq DNA polymerase PCR kit (Qiagen) under the following conditions: 95°C 15 min; 55 cycles of \[95°C 30 s; 50°C 1 min; 72°C 1 min\]; 72°C 10 min. The amplification level was assessed by agarose gel electrophoresis and pyrosequencing of the PCR products was performed with the Pyromark™ Q24 system (Qiagen). All primer sequences are available upon request.

Illumina Infinium^®^ methylation assay {#s4_6}
--------------------------------------

Genomic DNA was extracted as described above. Site-specific CpG methylation was analyzed by means of the Infinium^®^ HumanMethylation27 bead-array-based technique. This array was developed to assay 27,578 CpG sites selected from over 14,000 genes. The Zymo EZ DNA Methylation KitTM (Zymo Research, Orange, USA) was used to treat 1 μg genomic DNA with sodium bisulfite. This was done according to the manufacturer\'s procedure, with the alternative incubation conditions recommended when using the Illumina Infinium^®^ Methylation Assay. The assay was performed on 4 μL converted gDNA at 50 ng/μL concentration, according to the protocol described in the Infinium^®^ Methylation Assay Manual. Raw Infinium data were filtered by removing low quality data using a detection *P*-value threshold of 0.05. As the vast majority of Illumina HumanMethylation27 targets are covered by the HumanMethylation450 we used the extended annotation provided by Price *et al.* \[[@R78]\] to filter out the Probes containing SNPs (see \[[@R11]\] for a detailed description). Probes associated to X and Y chromosomes were removed from the analysis. β-values were computed using the formula β-value = M/\[U + M\] where M and U are the raw "methylated" and "unmethylated" signals, respectively.

Immunofluorescence analysis {#s4_7}
---------------------------

NIH3T3 embryonic fibroblasts were grown on coverslips in DMEM supplemented with 10% FBS. The cells were transfected with the indicated expression plasmid. Transfections were performed in OptiMem medium and Fugene transfection reagent (Roche) according to the manufacturer\'s recommendations. Cells were incubated for 5 h post-transfection, after which the OptiMem medium was replaced with fresh DMEM. 24 h post-transfection, the cells were washed in PBS and fixed in 1% paraformaldehyde for 10 min at RT. After one wash in PBS, the cells were permeabilized twice for 5 min in PBS containing 0.5% Triton X-100. A blocking step was then performed for 1 h at RT with PBS containing 1% BSA.

Incubation with the different antibodies diluted in blocking solution was performed for 1.5 h at 37°C. We used mouse anti-Myc (Santa Cruz, sc-40) at 1/200 dilution, rabbit anti-KDM1A (2139, Cell Signaling) at 1/50 dilution, and mouse anti-PCNA (M0879, DAKO) at 1/300 dilution. When cells were observed, the major difference in KDM1A staining intensity allowed unambiguous discrimination of cells transfected with the KDM1A expression construct from those expressing only endogenous KDM1A. After three PBS washes, secondary antibodies diluted in blocking solution were added and incubated for 1 h at RT: we used Cy3-tagged anti-mouse antibody (CLCC35010, Cederlane) at 1:4000 dilution and FITC-tagged anti-rabbit antibody (ab6717, Abcam) at 1/1000 dilution. Coverslips were washed three times with PBS, incubated in DAPI solution (500 ng/μL) for 3 min, and washed again. The cells were then mounted on glass microscope slides in Vectashield mounting medium (Vector). To detect PCNA, the same protocol was used, except for the initial fixation step, in which the cells were fixed in cold methanol for 10 min at --20°C and the coverslips incubated in acetone for 1 min at RT. The permeabilization and blocking steps were as described above. The specificity of each experiment was tested by omitting the primary antibody or by using non-transfected cells as negative controls.

Proximity ligation *in situ* assay (P-LISA) {#s4_8}
-------------------------------------------

Cells were cultured on coverslips for 24 h and then fixed with 4% paraformaldehyde in PBS pH 7.4 for 15 min at room temperature. Permeabilization was performed for 20 min at RT with 0.5% Triton 100× in PBS. The blocking, staining, hybridization, ligation, amplification, and detection steps were carried out according to the manufacturer\'s instructions (Olink Bioscience). During these steps, all incubations were performed in a humidity chamber. We used anti-KDM1A (sc-67272) and anti-DNMT1 (sc10221) for P-LISA and anti DNMT1 (sc 271729) for strandars immunofluorescence presented in [Supplementary Figure S6A](#SD1){ref-type="supplementary-material"}). The amplification and detection steps were performed in a dark room. Fluorescence was visualized with the Axiovert 200M microscopy system (Zeiss, LePecq, France) equipped with the ApoTome module (X63 and numerical aperture 1.4). Preparations were mounted in ProLong Gold antifade reagent with DAPI (InVitrogen, France). Picture acquisition was done by structured illumination microscopy. The lateral resolution (rl), according to the Rayleigh criterion, was: rl = 0.61λ/NA (λ: wavelength; NA: numerical aperture of the objective), while the axial resolution, ApoTome, was defined by the full-width half maximum (FWHMz)
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In this equation, λ is the emission wavelength, n is the index of medium refraction, ν the frequency, and α the opening angle of the objective as previously described \[[@R79]\]. After 9 deconvolvings with the software Huygens Essential 3.5 (SVI), 3D images were obtained with the Amira.4.1.1 program. Finally, the images were analyzed with the freeware BlobFinder, available for download from [www.cb.uu.se/∼amin/BlobFinder](http://www.cb.uu.se/%7Eamin/BlobFinder). In other words, the use of this program allows normalization, standardization and reproducibility and also makes it possible to define the cut-off signal for accepting/quantifying a dot or not.

SUPPLEMENTARY MATERIALS FIGURES {#s5}
===============================
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